We theoretically and experimentally analyze the pinning of a magnetic domain wall (DW) at engineered anisotropy variations in Pt/Co/Pt strips with perpendicular magnetic anisotropy. An analytical model is derived showing that a step in the anisotropy acts as an energy barrier for the DW. Quantitative measurements are performed showing that the anisotropy can be controlled by focused ion beam irradiation with Ga ions. This tool is used to experimentally study the field-induced switching of nanostrips which are locally irradiated. The boundary of the irradiated area indeed acts as a pinning barrier for the domain wall and the pinning strength increases with the anisotropy difference. Varying the thickness of the Co layer provides an additional way to tune the anisotropy, and it is shown that a thinner Co layer gives a higher starting anisotropy thereby allowing tunable DW pinning in a wider range of fields. Finally, we demonstrate that not only the anisotropy itself, but also the width of the anisotropy barrier can be tuned on the length scale of the domain wall.
Introduction
The ability to propagate a domain wall (DW) through a submicron magnetic wire using a magnetic field [1, 2, 3, 4, 5] or electric current [6, 7, 8, 9, 10] is the basis of several new spintronics devices [11, 12, 13, 14, 15] . Regarding the topic of current-induced DW dynamics, most is known about DWs in in-plane magnetized permalloy strips [16] . Recently, the focus has been shifting toward materials with high perpendicular magnetic anisotropy (PMA) [17, 18, 19, 20, 21, 22, 23, 24, 25] . Although field-driven DW motion is typically slow due to DW creep [26, 27, 28] , these materials might show faster currentinduced DW motion, because they exhibit simple and narrow DWs potentially leading to large non-adiabatic spin torque contributions [29, 30, 31] , or by the presence of Rashba fields stabilizing the DW structure during propagation [22] . Furthermore, recent results indicate that the non-adiabaticity is strongly dependent on details of the perpendicular material, ranging from a negligible effect in Co/Ni [24] to a large contribution in Pt/Co multilayers [18, 25] . These interesting observations call for more experiments on various material systems.
Being able to control the position of DWs at will is essential for successful DW experiments or devices. One issue is the initial creation of a magnetic domain and its domain walls. A second issue is to control the exact pinning positions where a domain wall stops after propagation, which is needed in several memory and logic devices making use of spintronics [12, 14, 15] . For the first issue of writing a domain at a controlled position, there are generally two possibilities: one should either apply a highly localized magnetic field, or locally modify the switching properties of the magnetic nanostrip to be able to write with a global field. A highly localized magnetic field poses restrictions to the experimental environment and therefore writing with a global field is often the desired option. For in-plane magnetized DW devices made of permalloy, one often designs a variation in shape, such as a bend in the wire [2, 8] or a large pad at the end of the wire [4, 32, 33] . Due to shape anisotropy, these lead to preferential nucleation points when an external field is applied. For PMA materials however, there is a very strong perpendicular easy axis that dominates over shape-induced effects, by which nucleation preferably occurs at randomly distributed defects. For the second issue of controlled DW pinning, similar considerations apply in PMA materials: geometric variations can be used for DW pinning [17, 21] but these shape-induced effects are rather weak and typically lead to deformations of the domain wall [17] , causing the DW to lose its onedimensional (1D) character.
In a recent study [34] it was shown that both issues can be tackled at the same time by taking control over the parameter that governs the switching behavior: the PMA. The PMA is known to be reduced by irradiation with highly energetic ions [35, 36, 37, 38, 39, 40] . Using a focused ion beam (FIB) of, for example, Ga [34, 41, 42, 43] or He [44] ions, the anisotropy can be controlled very locally (at a scale of a few nanometer). By locally reducing the anisotropy, the coercivity is also reduced and a DW nucleation area is made. Furthermore, it was shown that DWs tend to pin at a discontinuity in the anisotropy, i.e. the boundary of a Ga-irradiated area, solving the second issue. In the current paper, we provide further insights into this pinning of DWs at engineered anisotropy variations. First, we describe in detail the mechanism responsible for DW pinning at anisotropy variations, through the development of a 1D model in section 2. Furthermore, the magnetic anisotropy of Pt/Co/Pt strips is experimentally determined as a function of Ga irradiation dose and Co layer thickness in section 3. Finally, in section 4, we report a detailed experimental study on DW pinning at an anisotropy boundary, showing that the DW energy landscape in a nanostrip can basically be engineered at will on a nanometer scale.
Model of DW pinning
In this section, we investigate how DWs are pinned at anisotropy modulations by assuming a simple model system ( figure 1(a) ). The system consists of a PMA strip of length L, width w, and thickness t. We assume that a single 1D Bloch DW is present in the strip, at a certain position q along the x-axis. The strip has perpendicular magnetic anisotropy, but the anisotropy changes at x = 0. We assume a linear transition between two values over a gradient length δ centered at x = 0. The part x < −δ/2 has an effective perpendicular anisotropy constant K eff and the part x > δ/2 has K eff,0 > K eff ( figure  1(b) ). The other relevant parameters M s (saturation magnetization) and A (exchange constant) are kept constant. Since the energy of a DW scales with the square root of the anisotropy, the anisotropy change at x = 0 causes an energy barrier as sketched in figure 1(c) . The larger the anisotropy difference, the larger this barrier. By applying an external field H, the potential landscape is tilted making it possible for the DW to escape as soon as the tilt slope cancels the maximum slope of the DW energy landscape.
In the following, we derive expressions for the pinning field H pin as a function of the anisotropy of the left part of the strip, K eff . We will discuss the two cases shown in figure 1(b) and 1(d). The situation of figure 1(b), in the limit that the anisotropy step is small, is discussed in section 2.1. In section 2.2, we discuss the situation where the part x < 0 has strong in-plane (shape) anisotropy, K eff 0, as sketched in figure 1(d) . We compare the analytical model with full micromagnetic simulations and find exact agreement.
Limit of small K step
A DW centered at a position q in a perpendicularly magnetized nanostrip has a standard Bloch profile, with the out-of-plane angle θ given by [45] θ(x) = ±2 arctan exp
with ∆ the DW width. This profile is not exactly valid in the vicinity of the anisotropy interface since the part of the DW residing in the low-K region tends to widen, but this effect is negligible in the limit studied. Considering effective anisotropy and exchange contributions, the magnetic energy density is [45] 
where φ is the in-plane angle of magnetization (φ = 0 for a Bloch DW), and K(x) has the profile sketched in figure 1(b),
Because the DW width can be considered constant in the limit studied, the term A/∆ 2 in (2) can be omitted for simplicity. The total DW energy per unit cross-sectional area σ DW of a DW centered at q is then (up to constant) given by
By applying an external magnetic field H in the z-direction, the energy landscape of the domain wall is tilted due to the Zeeman energy, giving a total energy ε(q)
For estimating the depinning field, we are interested in the derivative of the DW energy with respect to q, which should be negative at any position in order for the DW to depin,
Hence, the maximum of dε dq
should be negative,
The DW thus depins for H > H pin , with
In case the length scale of the anisotropy gradient δ is much smaller than the DW width ∆, the pinning field is simply given by the difference of the anisotropy values,
The opposite limit is also interesting; it turns out that the pinning field becomes zero if δ ∆,
which means that a DW will only pin if δ is at a length scale comparable to the DW width, typically in the range of 10 nm.
Limit of in-plane K
If the perpendicular uniaxial anisotropy is quenched completely, this results in an effective in-plane anisotropy. Therefore, the DW at the moment of depinning is not necessarily an 'up' to 'down' transition. If the effective in-plane anisotropy is small, the out-of-plane field that is applied to achieve DW injection is already enough to pull the magnetization fully out-of-plane and the origin of the DW pinning field is not physically different from the case studied in the previous section. However, if the in-plane shape anisotropy is strong, there will always be a 90
• DW present at the interface, and reversal is merely initiated by nucleation of a DW at this interface that will propagate through the out-of-plane part of the strip. In the following, we will attempt to model this situation by assuming that the in-plane anisotropy is so large that the spins are completely inplane in the irradiated area, even though a perpendicular field is applied. This in fact corresponds to infinite in-plane anisotropy. Furthermore, it is assumed that the Bloch profile is still valid, but rescaled from the domain θ ∈ [0, π] to θ ∈ [0,
]. The profile then reads (notice the factor 2 difference with (1))
By micromagnetic simulations of an in-plane to out-of-plane transition in a strip, we verified that this profile is reasonably precise. To simplify the calculation, we only consider the case δ = 0, because the precise shape of the anisotropy profile was found not to matter in the limit studied. The DW energy density reflects the change of easy axis at x > 0:
exp 2
In analogy with (6), the derivative of σ DW becomes
This function is monotonically increasing and is maximal at q → ∞. Therefore, the maximum slope of the energy barrier is given by
A more detailed analysis shows that at finite in-plane anisotropy, if a small z-component of magnetization is assumed for x < 0, the maximum derivative is not at ∞ but close to q = 0 (retaining the same magnitude), so that injection indeed occurs at the anisotropy interface. The derivative of total energy includes again a Zeeman term, which now has half the original magnitude, because the z-component of magnetization is zero at one end of the DW. Therefore,
and the pinning field is found by equating this expression to zero,
To test the validity of (8) and (17), micromagnetic simulations [46] are performed on a strip with w = 60 nm, t = 1 nm, and length L = 400 nm. The simulation cell size is 4 × 4 × 1 nm 3 . Reducing the simulation cell size did not significantly change the obtained results. The saturation magnetization M s = 1400 kA/m and the exchange constant A = 16 pJ/m. The uniaxial anisotropy constant of the right part of the strip was fixed at K 0 = 1.5 MJ/m 3 , yielding an effective anisotropy
The left part of the strip has a variable effective anisotropy K eff < K eff,0 . The starting configuration is a DW that is artificially created at the boundary and then energetically relaxed at zero applied field. Then, the field is increased in small steps, and at each field step the LLG solver iterates until the torque on the magnetization is virtually zero. The result is shown in figure 2. The situation δ → 0 is shown as open circles in figure 2 , and H pin from the 1D model (10) is plotted as a solid line. In the regime where the anisotropy difference is rather small, good agreement is found. We also see that as the anisotropy becomes negative (in-plane), the simulated data approaches the derived limit (17) , shown as the dotted horizontal line. The situation of a finite length δ is also simulated, by changing the values of the anisotropy on a single cell level. For instance, to simulate a length δ = 20 nm, the anisotropy is step-wise increased over a width of 5 cells, which are each 4 nm wide. This approach is valid as long as the cell size is of the order of the exchange length. Plotting the 1D limit (8) in this case is slightly more complicated because it also contains the DW width ∆, which in turn depends on the anisotropy at the DW position. For the plotted lines, we simply used ∆ = A/K eff,0 ≈ 7 nm, which again shows excellent agreement in the evaluated limit. Interestingly, for larger anisotropy differences, we see that the pinning field in the simulations bends upwards from the limit. This is simply because ∆ increases, as it is partially in a region with lower K eff . If we take into account this increasing ∆, the 1D model also predicts this upturn, demonstrating the power of the 1D approach.
In the experimental situation, starting from a saturated state, a DW does not readily exist but must first be nucleated. Therefore, simulations starting from the saturated state were also conducted, shown as the solid circles in figure 2. It is consistently observed that the DW is nucleated in the left part of the strip. For relatively high K eff , the nucleation field is much higher than the pinning field and therefore dominates the switching field of the entire strip. The nucleation field in the simulations matches that of a Stoner-Wohlfart particle and is in good approximation given by the anisotropy field H K eff = 2K eff /(µ 0 M s ), plotted as the dashed line. We should note that this nucleation field has no quantitative meaning in experiments, where the switching behavior does not show coherent Stoner-Wohlfart behavior, but is dominated by domains nucleating at random defects and their expansion by DW motion.
To conclude this section, we have shown by analytical modeling and micromagnetic simulations, that a DW can be pinned at an anisotropy boundary. The field strength needed for depinning depends linearly on the anisotropy difference if the boundary is not too high. Interestingly, it was shown that a DW can also be injected from a boundary between an in-plane and out-of-plane anisotropy region. Furthermore, not only the height of the anisotropy boundary, but also its spatial extent (width), is an extra parameter that tunes the pinning field, and should be at the length scale of the DW for pinning to occur. In the next sections, we study quantitatively how Ga FIB irradiation can be used to tune the anisotropy (Section 3), and how DW pinning and nucleation can be controlled using this tool (Section 4).
Manipulating the anisotropy of Pt/Co/Pt
Whereas it is widely accepted that Ga and He irradiation reduces the PMA of sputtered Pt/Co/Pt films, the evidence is usually indirect, i.e. through measurement of the coercive field. The anisotropy has been systematically measured as a function of He irradiation dose [38] , but to our knowledge, a systematic data set of anisotropy as a function of Ga dose is lacking. Performing a quantitative measurement of the anisotropy as a function of Ga dose is therefore interesting in its own right, as well as insightful for the interpretation of DW pinning and nucleation in section 4.
Common methods to quantitatively measure the anisotropy of magnetic samples make use of Stoner-Wohlfart theory [47] . Typically, an external field H is applied under an angle α with the easy axis of magnetization. The magnetization is pulled away from its favored direction, toward the field direction. The ease by which the magnetization can be pulled is a measure of the anisotropy. We use the Extraordinary Hall Effect (EHE) to measure M z (H, α) on Hall crosses that have been irradiated with varying Ga doses, and obtain quantitative values for K eff by fitting to the theoretical model [48] .
Experimental Details
Samples containing four Hall crosses of 5 µm wide Pt(4 nm) / Co(x nm) / Pt(2 nm) are deposited on a Si / SiO 2 (100 nm) substrate. The thickness of the Co layer is varied from 0.4 to 0.6 nm. The samples were fabricated using Electron Beam Lithography (EBL), sputtering and lift-off. On top of the branches of the Hall crosses, 20 nm thick Pt contacts are deposited using a second EBL step for electrical contact. A micrograph of the resulting sample is shown in figure 3(a) .
After the deposition of the Pt contacts, the Hall crosses are irradiated with different Ga doses. The ions have an energy of 30 keV and a beam current of several pA is used. The dose is varied from 0.07 × 10 13 ions/cm 2 to 1.3 × 10 13 ions/cm 2 . This dose range does not lead to significant etching, but only affects the Pt/Co interfaces [36, 41] . The irradiated region for each Hall cross is indicated in figure 3(a) .
Four lock-in amplifiers are used to measure the EHE as a function of applied magnetic field on four different Ga-irradiated crosses at the same time. An AC current with a density of ∼ 3.0 · 10 9 Am −2 at a frequency of 5 kHz is sent through the strip. The external field is applied under a variable angle α. The measured lock-in voltage consists of the EHE plus a small contribution of the ordinary Hall effect (OHE). Since the EHE is constant when the magnetization is saturated, we can use the measured signal slope at high perpendicular fields to subtract the OHE from all other measurements. Figure 3 (b) shows a typical measurement of M z /M s for various α. All traces are fitted globally using a fitting routine based on energy minimization of the StonerWohlfart model. Input parameters within the model are the applied field H, the angle α, the perpendicular magnetization M z and the saturation magnetization M s . The latter is estimated at 1.4 × 10 6 A/m from SQUID measurements. The fit yields a value of the perpendicular anisotropy K eff . The second order crystalline anisotropy is found to be negligible and therefore is not taken into account in the final fit.
It can be seen in figure 3 (b) that for nearly in plane fields (α > 80 • ) there is a strong deviation between the fits and the experimental data. This is known to arise from non-coherent magnetization reversal processes, wherein the structure no longer behaves as a single magnetic domain [48, 49] . To exclude this effect only measurements up to an angle of 80
• are incorporated in the fit. • . Higher α are not incorporated because of non-coherent magnetization reversal [48] . The inset shows the experimental geometry. inverse dependence on t is expected, since K eff arises from the surface anisotropy K s at the Pt/Co interfaces via K eff = 2K s /t + K v [50] , where K v is negative and contains the contribution from shape anisotropy. However, the anisotropy of the 0.4 nm Co sample does not differ significantly from the 0.5 nm sample, meaning that growth-related phenomena are starting to play a role for such thin layers. Thinner layers are more illdefined and therefore the interface anisotropy will decrease; this transition occurs right between 0.4 and 0.5 nm. This is also reflected in a significantly lower coercivity of 0.4 nm samples in section 4, again pointing to a more disordered layer with easy nucleation centers.
Anisotropy of Ga irradiated Pt/Co/Pt
As a function of Ga dose, we see a decrease of K eff that is approximately linear at low dose, and less steep at high dose. For higher doses than shown, the remanence at zero field was significantly reduced and the Stoner-Wohlfart model could not be applied. Eventually, the magnetization becomes completely in-plane (negative K eff ). This transition to in-plane magnetization occurs at higher dose if the Co layer is thinner, because the anisotropy is higher to begin with. From a practical perspective this is very interesting, because the range of Ga doses that can be applied to tune the anisotropy increases by more than a factor of 2.
Whereas the effect of Ga irradiation on the anisotropy is now quantified, the effect on other magnetic properties is not. A priori, however, we do not expect a very significant effect, since Ga irradiation mainly affects the interfaces and M s and A are typically bulk parameters. The magnitude of the EHE signal is some measure of M s , and we observed no trend as a function of Ga dose. Less is known about the effect on A, but at least such an effect is not needed for explaining the results in the remainder of this paper.
To conclude this section, it is seen that the anisotropy of Pt/Co/Pt samples increases for thinner Co layers, but this increase stops for very thin layers of < 0.5 nm. Interestingly, the reduction of anisotropy with low Ga dose remains constant irrespective of the starting anisotropy of the unirradiated film, i.e. the slope at low dose does not depend on the thickness in figure 4 . This is slightly counterintuitive, because if Ga irradiation reduces the surface anisotropy K s by the same amount regardless of thickness, this would translate to a 1/t dependence of the slope of K eff . From an experimental perspective this is a very useful result. By changing the Co thickness or the growth conditions, the tunable range of DW pinning fields can be expanded. In the next section 4 we will further investigate the consequences of this on the nucleation, pinning and injection of DWs in Pt/Co/Pt layers.
Controlling Domain Wall Nucleation and Pinning
In the present section the effects of Ga irradiation on DW nucleation and pinning are investigated experimentally. First, the experimental method is described. In the subsequent sections, DW nucleation and pinning is investigated as a function of Ga dose, strip width, Co layer thickness, and beam focus. It will turn out that both the height and the width of the DW energy barrier can be tuned by these parameters.
Experimental Details
The investigated structures are rectangular Pt(4 nm) / Co(x nm) / Pt(2 nm) strips of 15 ×2 µm 2 , 10 ×1 µm 2 , 5 ×0.5 µm 2 and 2.5 ×0.25 µm 2 . Different Co thicknesses x = 0.4, 0.5 and 0.6 nm are used. The structures are grown on a Si / SiO 2 (100 nm) substrate by EBL, sputtering, and lift-off.
After the fabrication of the Pt/Co/Pt layers, the left half of the strips is irradiated with Ga ions at a varying dose to reduce the anisotropy. Upon application of a magnetic field, a DW nucleates in this area and subsequently moves into the remainder of the strip. Wide-field Kerr microscopy [49] is used to study the effect of ion irradiation on nucleation and pinning of DWs. In the analysis we focus on the injection field H in , defined as the external field at which the DW penetrates into the non-irradiated part of the structure. Since the injection of a DW involves two processes with a different typical field strength (nucleation at a field H n and depinning at a field H pin ), the injection field is defined as the maximum of these two fields. The magnetic field is swept from negative to positive and a sudden change in intensity of the Kerr signal occurs in the non-irradiated area when the DW is injected. Decent statistics are obtained by averaging H in over 12 structures. The error bars in all figures where H in is plotted against the irradiation dose represent the standard deviation of H in from structure to structure.
Variable Ga dose and strip width
First the effect of Ga irradiation is studied on strips with a fixed composition Pt(4 nm) / Co(0.6 nm) / Pt(2 nm). Figure 5 shows exemplary Kerr images of the switching process in several 10 ×1 µm 2 strips. The Kerr images of three different Ga doses are shown. In figure 6 the measured injection field is plotted as a function of Ga dose for structures of various sizes.
Here we discuss the features observed in the Kerr images of figure 5 . The samples were saturated at negative field and the field was swept to positive saturation. Snapshots at different positive fields during the sweep are shown. In figure 5 (a) (dose 0.34 ×10 13 ions/cm 2 ), it is seen that at a certain field strength, the bright structures have switched completely while the dark structures have not. This is due to the statistical nature of domain nucleation in perpendicular materials, which occurs at random defects. At a slightly higher field ( figure 5(b) ), 2 more structures have switched instantly. This means that a DW was nucleated in the irradiated area, which instantly moves into the remainder of the strip. In other words, the nucleation field is much higher than the pinning field, H n > H pin . The range of doses where this is the case is denoted by A in figure 6 . Clearly, H n decreases with Ga dose due to the PMA reduction.
In the snapshots taken at higher dose (0.41 ×10 13 ions/cm 2 ) in figure 5(c), it is seen that a DW nucleated in the irradiated area pins at the boundary between the two regions in some strips. However, in other structures the DW moved instantly without pinning. This indicates that the field strengths associated with nucleation and pinning are approximately the same, H n ≈ H pin . A significantly higher field is needed ( figure  5(d) ) to depin all the trapped DWs. Looking at a slightly higher dose of 0.44 ×10 13 ions/cm 2 in figure 5 (e), a strong change in the nucleation of the DW is observed. Instead of the instantaneous switching that was observed before, the irradiated area now switches in many small domains, because we are getting close to the in-plane transition. By increasing the field as seen in figure 5(f) , a single domain will again appear and the corresponding DW is pinned for all structures at the shown field. Hence, H n < H pin . This regime is denoted B in figure 6 .
In figure 6 , H in as a function of Ga dose is plotted for structures of different sizes. Next to the discussed regimes A (H n > H pin ), B (H n < H pin ), we identify a third regime C where the pinning field converges to an asymptote, because the magnetization of the irradiated region becomes in-plane. The same 3 regimes were found in the micromagnetic model depicted in figure 2 . For the strips of 15×2 µm 2 , 10×1 µm 2 and 5×0.5 µm 2 the behavior is very similar. The 2.5 ×0.25 µm 2 structures however behave somewhat differently. Although all the observed features are still present, it can be seen that these structures have a significantly lower nucleation field in regime A. Since all structures are grown and measured under the same conditions on the same wafer, this effect must be related to the decrease in size. Indeed, due to the limitations of the lithography method used, the roughness of the strips is very significant compared to the strip width, resulting in a rather poorly defined strip. The nucleation field is very sensitive to structural defects and is therefore reduced, and also the anisotropy itself might be affected, leading to a change of the observed effects.
The magnitude of the injection fields is roughly a factor 20 higher in the simulations/1D model compared to the experiments. This is not unusual, since the simulations do not include any thermal fluctuations. In room temperature experiments, thermal fluctuations play a crucial role in all magnetization reversal phenomena. For examle, the coercive field (responsible for the injection field in the high-K range) is greatly reduced at finite temperatures, and originates from the nucleation of a small area followed by DW motion, instead of the Stoner-Wohlfart type of switching in our model. In SQUID measurements, it was found that for a similar film, the coercivity at 5 K is roughly 40 times larger than at room temperature. Also, the escape of a DW over an energy barrier (responsible for the DW injection in the low-K region) is much easier at elevated temperatures, so lower fields are required for depinning. Therefore, only a qualitative comparison with the micromagnetic model can be made. ultrathin films. Interestingly, the pinning strength is very similar for the 0.5 and 0.6 nm Co thicknesses. This is also what would be expected from the anisotropy measurements of figure 4 , because K eff,0 − K eff appeared to be rather insensitive to the layer thickness. The minimum of the curve, where H pin = H n , is found at a dose of 0.44 ×10 13 ions/cm 2 for both the 0.5 nm and 0.6 nm strips. For the 0.4 nm structures H n is lower (related to the growth quality of such thin layers), which shifts the minimum slightly to the left at 0.31 ×10 13 ions/cm 2 . Also, the DW pinning in regime B is lower for the 0.4 nm strips, because the anisotropy is better retained at high doses compared to the 0.5 nm sample (as seen in figure 4 ), leading to a lower pinning barrier. In the high-dose regime (C), where the irradiated region has an in-plane magnetization, H pin is theoretically given by K eff,0 /(µ 0 M s ), so ultimately determined by the anisotropy of the untouched part K eff,0 . Both K eff,0 and H pin are significantly higher for the 0.5 nm Co film, demonstrating that the theoretical model appears to have qualitative validity also in this regime. For the 0.4 nm Co film, the pinning field at high dose is masked by the very low H n .
Variable Co layer thickness
Compatible with the anisotropy measurements in figure 4 , it is seen from the Kerr images that for thin Co layers, much larger anisotropy differences can be obtained before the magnetization becomes in-plane. Because theoretically H pin = (K eff,0 −K eff )/(µ 0 M s ) this means that the pinning strength of the anisotropy barrier can also be made much stronger. Decreasing the Co thickness therefore leads to more controllable DW pinning. This is illustrated by figure 7 (c), which shows that DWs are consistently pinned in the 0.5 nm Co strip for all the studied structures at the shown dose of 0.56 × 10 13 ions/cm 2 . At the same dose, the 0.6 nm Co strip is already in-plane magnetized. The highest dose where the 0.6 nm strips are fully perpendicular is 0.41 × 10 13 ions/cm 2 , and figure 7(c) illustrates the unreliable pinning in these strips. For application as pinning sites, one typically would like to pin an existing domain wall without risking nucleation of a new domain wall. Therefore, one would require a significant gap between the highest H n and the lowest H pin of any of the structures. For the 0.6 nm Co, this gap is virtually zero for any dose with full PMA. For 0.5 nm, the gap is maximized at 0.56 × 10 13 ions/cm 2 and 0.8 mT in size. Interestingly, for the 0.4 nm strips, full PMA extends to very high doses and the optimal gap was 4.7 mT at a dose of 0.81 × 10 13 ions/cm 2 .
Tuning the width of the pinning barrier
In the previous sections we showed that the DW pinning field at a Ga irradiation boundary scales with K eff,0 − K eff , where K eff,0 can be tuned by the Co interlayer thickness and K eff by the Ga dose. However, equation 8 suggests another parameter to tune the pinning field: the length scale of the anisotropy gradient δ. It is expected that the pinning strength decreases with increasing δ, because the energy barrier for DW propagation becomes less steep. Experimentally, δ is controlled by placing the sample away from the focal point. The distance to the focal point determines the FWHM of the beam, which is used as an estimate of δ. Figure 8 illustrates the behavior of the injection field in Pt / Co (0.5 nm) / Pt as δ is varied from 0 (optimal beam focus) to ≈ 80 nm. Increasing δ clearly leads to a systematic decrease of H pin . The qualitative agreement with the theoretical result of figure 2 is striking. The fact that a slight change of δ leads to such clear effects is strong evidence that Ga irradiation creates pinning sites at a length scale comparable to the DW width. Using focused helium beams, an even smaller δ can be realized due to a better optimal focus, leading to stronger DW pinning [44] . It is interesting to note that the minimum in H in is also reduced when increasing δ. A lesson to learn from this, is that in order to achieve DW injection at the lowest possible field, one should simply make δ as big as possible.
Conclusion
In this paper, we analyzed in detail the pinning of a domain wall at engineered anisotropy variations. First, we analytically derived that a step in the magnetic anisotropy acts as an energy barrier for the DW. It was shown that the pinning field of a DW at such an anisotropy boundary increases with the anisotropy difference and decreases with the width of the boundary. The analytical model matches well with micromagnetic simulations. Then, it was shown that FIB irradiation with Ga ions can be used to control the magnetic anisotropy of a Pt/Co/Pt strip, and quantitative measurements were performed using the EHE effect. Thereafter, field-induced domain wall pinning and nucleation in irradiated Pt/Co/Pt nanostrips was studied using wide-field Kerr microscopy. The pinning behavior qualitatively reproduced all the features of the analytical model. The pinning of DWs was shown to be insensitive to the width of the strip in the range 0.5-2 µm. However, the thickness of the Co layer does provide another handle to tune DW pinning, since a thinner Co layer has higher intrinsic anisotropy, thereby increasing the range of anisotropy values that can be realized without destroying the PMA. Finally, it was shown that even the width of the anisotropy barrier, which according to our model has to be of the order of the DW width (∼ 10 nm), can be precisely tuned by reducing the focus of the ion beam. This leads to a lower injection field because the energy barrier for the DW becomes less steep.
Engineered anisotropy defects can not only be used to controllably inject a DW at arbitrarily low fields, but also to provide tunable pinning sites for field-and currentinduced domain wall motion in PMA strips. In the experiments reported in this paper, relatively large areas were irradiated with Ga, but also small defects could be made that act as pinning sites. These can be useful in DW-based memory or logic devices as an alternative to geometrically induced pinning sites [12, 14, 15] , or for controlled experiments on current-induced DW depinning. Furthermore, we have recently shown by micromagnetic simulations that a DW pinned at an anisotropy boundary can be brought into steady oscillatory motion by a DC current [51] , which could be used as a microwave current source similar to spin torque oscillators. To conclude, control of the magnetic anisotropy at the nanoscale in general is a powerful tool in many magnetic nanodevices.
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